Regulation of microtubule dynamics and organization in mitosis by a number of microtubule-associated proteins (MAPs) is required for proper bipolar spindle assembly, yet the precise mechanisms by which many MAPs function are poorly understood [1] . One interesting class of MAPs is known to localize to the nucleus during interphase yet fulfill important spindle functions during mitosis. We have identified Xenopus nuclear factor 7 (Xnf7), a developmental regulator of dorsal-ventral patterning [2, 3], as a microtubule-binding protein that also associates with the nuclear import receptor importin ␣/␤. Xnf7 localized to interphase nuclei and metaphase spindles both in Xenopus egg extracts and cultured cells. Xnf7-depleted spindles were hypersensitive to microtubule-depolymerizing agents. Functional characterization of Xnf7 revealed that it binds directly to microtubules, exhibits RING-finger-dependent E3-ubiquitin-ligase activity, and has C-terminal-dependent microtubule-bundling activity. The minimal microtubule-bundling domain of Xnf7 was sufficient to rescue the spindle-hypersensitivity phenotype. Thus, we have identified Xnf7 as a nuclear MAP whose microtubule-bundling activity, but not E3-ligase activity, contributes to microtubule organization and spindle integrity. Characterization of the multiple activities of Xnf7 may have implications for understanding human diseases caused by mutations in related proteins.
inent common band at w78 kDa that was identified as Xnf7 by microsequencing. Pulldowns were performed with purified components to demonstrate that the nuclear localization signal (NLS) of Xnf7 mediates binding of Xnf7 to importin β via the adaptor protein importin α in a RanGTP reversible manner (see Figure S1 in the Supplemental Data available with this article online).
Xnf7 was previously identified as a regulator of dorsal-ventral patterning in the Xenopus embryo [2, 3] . Nuclear accumulation of Xnf7 requires a bipartite NLS that has been mapped to amino acids 31-127 ( Figure 1C ) [6] . In addition, Xnf7 contains an N-terminal CHROMO domain (aa 31-91), a C3HC4-type RING finger (aa 145-184), a B-box (aa 219-260), a leucine-rich coiled coil (aa 270-393), and a C-terminal PRY/SPRY domain (aa 431-609) ( Figure 1C ). The conserved arrangement of its RING-finger, B-box, and coiled-coil domains identifies Xnf7 as a tripartite motif (TRIM) family member [7, 8] .
Xnf7 Localizes to Interphase Nuclei and Mitotic Spindles in Xenopus Extract and Cultured Cells
In order to further characterize Xnf7 localization and function, we generated a polyclonal antibody against recombinant Xnf7 that detected a single band at 78 kDa by western blot of egg extracts ( Figure 1D ) and specifically immunoprecipitated Xnf7 as determined by mass spectrometry (data not shown). By immunofluorescence analysis, we determined that Xnf7 localized to spindles assembled in metaphase extract and was nuclear during interphase ( Figure 1E ), a pattern similar to that observed in post-mid-blastula transition (MBT) X. laevis embryos [9, 10] . Interestingly, the phosphorylation-dependent cytoplasmic-retention mechanism that prevents nuclear localization of Xnf7 in the early embryo appears to be absent from the extract system, perhaps as a result of differing phosphorylation states and/or lack of a cell cortex. A similar localization pattern was also observed in cultured Xenopus cells ( Figure S2) . Notably, Xnf7 localized to discrete and punctate nuclear bodies in interphase cells. PwA33, a Pleurodeles waltl ortholog of Xnf7, has been proposed to associate with an RNP matrix [11, 12] ; however, the nature and composition of the Xnf7 nuclear bodies is currently unknown.
Xnf7-Depleted Spindles Are More Sensitive to Microtubule Depolymerization
In order to investigate the function of Xnf7 in spindle assembly, we used the polyclonal antibody to deplete greater than 95% of the protein from egg extracts as determined by western-blot analysis (Figure 2A ). Xnf7-depleted extracts supported the assembly of spindles with normal morphology around sperm nuclei or chromatin beads when compared to mock-depleted reactions ( Figure 2B ). To examine whether the structural integrity of the spindle was nevertheless compromised, we challenged mock-and Xnf7-depleted spindles with microtubule-destabilizing factors. The addition of Op18/ Stathmin, a microtubule catastrophe-inducing factor, to Figure 2C ) [13] [14] [15] . Similarly, titration experiments with the microtubule-depolymerizing drug nocodazole revealed that Xnf7-depleted spindles were more sensitive to the drug and collapsed and/or lost bipolarity at concentrations (10 and 50 ng/ml) that had minimal effects on control spindles ( Figure 2D ). Thus, Xnf7 function appears to contribute to the overall structural integrity of the spindle apparatus.
Xnf7 Binds to and Bundles Microtubules in vitro
Having observed that Xnf7 interacts with microtubules in extracts and tissue-culture cells (Figure 1 and Figure  S2 ) and contributes to spindle integrity, we sought to determine whether Xnf7 could affect microtubule polymerization and organization directly. Purified Xnf7 cosedimented with microtubules at tubulin concentrations equal to or above 0.5 M (Figure 3A) , indicating that Xnf7 binds directly and specifically to microtubules in vitro [4, 16] .
Xnf7 did not appear to affect the polymerization of pure tubulin in vitro (data not shown). However, we found that taxol-stabilized microtubules became organized into large bundled arrays in the presence of Xnf7 at concentrations greater than w0.5-0.75 M in a dose-dependent manner ( Figure 3B ). The structures were negatively stained and viewed by electron microscopy to confirm that they were indeed bundled microtubules. Whereas control conditions contained individual microtubule polymers, in the presence of Xnf7 we observed bundled arrays often consisting of greater than ten aligned microtubules ( Figure 3C ). Importin α/β binding did not significantly affect the microtubule binding or bundling by Xnf7, indicating that these activities are not regulated by the importin/RanGTP pathway ( Figure S3 ).
For monitoring the kinetics of the Xnf7-mediated microtubule bundling, flow cells containing fluorescently labeled taxol-stabilized microtubules were assembled and imaged by time-lapse fluorescence microscopy as Xnf7 was introduced. A stable network of microtubule bundles formed within several seconds of introducing Xnf7 ( Figure 3D and Movie S1). These bundles were extremely stable and did not dissociate over the course of several hours (data not shown). To investigate how such stable Xnf7-cross linked microtubule bundles would behave in the presence of microtubulebased motor activity, we employed a motility assay with conventional kinesin (Kinesin 1). Xnf7-generated microtubule bundles rapidly split apart into smaller structures that were transported away by immobilized motors (Movie S2). When bundles consisting of Alexa 488-labeled (green) and X-rhodamine-labeled (red) microtubules were utilized in the assay, we observed bundles split- The Bundling Activity of Xnf7, Not Its E3-Ligase Activity, Contributes to Spindle Integrity The nocodazole sensitivity of Xnf7-depleted spindles could be rescued by the addition of full-length recombinant Xnf7 to depleted extract at estimated endogenous levels (w3 M), indicating that Xnf7 was the relevant activity being immunodepleted (Figures 4D and 4E) . Utilizing the various Xnf7 truncations and point mutants that we had generated, we next investigated which functional domains of Xnf7 were required for spindle integrity. The nocodazole hypersensitivity of Xnf7-depleted spindles was fully rescued by adding back the minimal microtubule-bundling domain of Xnf7 (Xnf7 265-609 ), which lacks E3-ligase activity (Figures 4A, 4D, and 4E) . These data strongly indicate that loss of Xnf7's microtubulebundling activity rather than its E3-ligase activity is responsible for the hypersensitivity of Xnf7-depleted spindles to depolymerizing agents. Thus, Xnf7 contributes to the structural integrity of the spindle by bundling microtubules. 
Discussion

Microtubule-Associated Developmental Regulators
Xnf7 was initially characterized as a developmental regulator of dorsal-ventral patterning in the early Xenopus embryo. It is possible that Xnf7 is primarily involved in development but has been co-opted to fulfill a spindle role during mitosis by organizing microtubules. It is now evident that Xnf7 is not alone in this distinction. Developmental regulators such as APC, β-catenin, GSK-3β and dishevelled have all been shown to influence microtubule behavior [23] [24] [25] [26] [27] [28] [29] . It will be of significant interest to determine how the microtubule regulatory activities of these factors contribute to developmental patterning. Xnf7 is retained in the cytoplasm of pre-MBT embryos, where it associates with microtubules throughout the early cell cycles [9, 17] . Perhaps this cytoplasmic retention of Xnf7 contributes to the proper organization of microtubules and/or affects the activity, level, or localization of other microtubule-associated proteins that contribute to early embryonic patterning. Interestingly, the E3-ligase activity of Xnf7 has recently been shown to be required to regulate the activity of another ubiquitin ligase, the anaphase-promoting complex (APC) [30] . Although this study indicated a role for Xnf7 in cell cycle regulation that could potentially be linked to spindle function, it does not preclude the participation of Xnf7 in developmental signaling pathways. In fact, targeting the E3-ligase activity of Xnf7 to microtubules may be an ideal strategy for spatially regulating the downstream targets of Xnf7 during both cell-cycle progression and development. In light of our work and the recent findings of Casaletto et al. [30] , it will be extremely interesting to address the relative contributions of the different functional activities of Xnf7 and its downstream targets in dorsal-ventral patterning. HIV emerged as a TRIM-linked disease when it was discovered that the protein TRIM5 mediates resistance to the human virus in rhesus monkey cells [33, 36, 37] . TRIM5α, the isoform that confers resistance, requires both its RING-finger and C-terminal SPRY domain to mediate the infection block [33] . Because the SPRY domain of Xnf7 and MID1 is required for proper microtubule localization, it will be interesting to investigate whether TRIM5α is also targeted to microtubules by its SPRY domain. Furthermore, it will be important to determine whether, like Xnf7 and MID1, TRIM5α exhibits RING-finger-dependent ubiquitin-E3-ligase activity and, if so, how this contributes to cellular HIV resistance.
Xnf7 Family Members and Human Disease
Considering the similarities between Xnf7 and several TRIM family members, we envision that an understanding of Xnf7 may provide insight into TRIM-linked human diseases at the molecular, cellular, and developmental levels. 
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